An auxin analog, 2,4-D, stimulates the activity of endo-1,4-b-glucanase (EGase) in rice (Oryza sativa L.). The auxin-induced activity from three protein fractions was purified to homogeneity from primary root tissues (based on SDS-PAGE and isoelectric focusing after Coomassie brilliant blue staining). Amino acid sequencing indicated that the 20 N-terminal amino acid sequence of the three proteins was identical, suggesting that these proteins may be cognates of one EGase gene. An internal amino acid sequence of the the rice EGase (LVGGYYDAGDNVK) revealed that this enzyme belongs to glycosyl hydrolase family 9 (GHF9). The major isoform of this rice GHF9 [molecular weight based on matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS): 51,216, isoelectric point (pI): 5.5] specifically hydrolyzed 1,4-b-glycosyl linkages of carboxymethyl (CM)-cellulose, phosphoric acidswollen cellulose, 1,3-1,4-b-glucan, arabinoxylan, xylan, glucomannan, cellooligosaccharides [with a degree of polymerization (DP) 43] and 1,4-b-xylohexaose, indicating a broader substrate range compared with those of other characterized GHF9 enzymes or EGases from higher plants. Hydrolytic products of two major hemicellulosic polysaccharides in type II cell walls treated with the purified enzyme were profiled using high-performance anion exchange chromatography (HPAEC). The results suggested that endolytic attack by rice EGase is not restricted to either the cellulose-like domain of 1,3-1,4-b-glucan or the unsubstituted 1,4-b-xylosyl backbone of arabinoxylan, but results in the release of smaller oligosaccharides (DP 56) from graminaceous hemicelluloses. The comparatively broader substrate range of this EGase with respect to b-1,4-glycan backbones (glucose and xylose) may partly reflect different roles of gramineous and non-gramineous GHF9 enzymes.
Introduction
Activities of endo-1,4-b-glucanases (EGases) are associated with numerous processes of plant development, such as tissue expansion, fruit ripening, growth of cultured cells and leaf abscission (Brummell et al. 1994) . Many plant EGases belong to glycosyl hydrolase family 9 (GHF9), which comprises some of the most extensive and versatile types of cellulases known in nature (Bayer et al. 2000, Davison and Blaxter 2005) . The GHF9 enzymes are widely distributed among phyla, occurring in numerous bacteria, fungi, slime molds, and various plant and animal species. Plant GHF9 enzymes have been considered a comparatively simple type (with only a catalytic domain), since they do not contain modules specific to microbial GHF9 enzymes such as an immunoglobulin-like domain (Bayer et al. 2000) . Nevertheless, plant species contain numerous isozymes of GHF9 that modify cell wall structure during tissue development (Libertini et al. 2004, Yokoyama and . The results of genomic research show that rice, a model plant for type II cell wall studies, contains at least 23 GHF9 genes Nishitani 2004, Hayashi et al. 2005) . The number of GHF9 isozymes in rice is almost the same as that in Arabidopsis (22 genes), a model plant for type I cell wall studies. The knowledge-based Oryza molecular biological encyclopedia (KOME) full-length database indicates that cDNA clones of GHF9 genes were obtained from shoots, flowers, panicles and cultured cells, suggesting the expression of 20 GHF9 genes during tissue development (Hayashi et al. 2005) . The analysis of gene expression also demonstrated that several GHF9 genes are differentially expressed in a variety of organs including roots of rice (Zhou et al. 2006) . Although these genomic and DNA studies imply that rice GHF9 gene products, such as xyloglucan endotransglucosylase/hydrolase, are extensively involved in the modification of polysaccharides in the type II cell wall (Strohmeier et al. 2004 , the biochemical properties of rice GHF9 enzymes including their substrate ranges are not known.
Several GHF9 enzymes or EGases have been purified from higher plants other than rice, and their substrate specificities have been characterized. Most secreted GHF9 enzymes are active against b-1,4-glucosyl linkages such as carboxymethyl (CM)-cellulose, phosphoric acid-swollen cellulose, 1,3-1,4-b-glucans and dicot xyloglucan (Brummell et al. 1994 , Hayashi et al. 2005 . Since the primary cell wall of dicots (type I cell wall) contains high amounts of xyloglucan as the principal hemicellulosic polymers that interlock the cellulose microfibrils (Carpita and Gibeaut 1993) , the natural substrate of these GHF9 enzymes probably includes xyloglucan, and the integral and peripheral regions of non-crystalline cellulose, particularly the outer layers of cellulose microfibrils where glucan chains are interwoven with xyloglucan chains (Brummell and Harpster 2001) . In contrast, the primary cell walls of Gramineae (type II cell wall) contain a low amount of xyloglucan. 1,3-1,4-b-Glucan, co-extensive with low-branched glucuronoarabinoxylan (GAX) and glucomannan, is proposed to cross-link the cellulose microfibrils tightly (Carpita et al. 2001 , Buckeridge et al. 2004 ). 1,3-1,4-b-Glucan consists mainly of repeating units, cellotriosyl and cellotetraosyl residues, although it also contains rare and cellulose-like units such as b-(1,4) 10 -glucosyl residues (Woodward et al. 1983 , Wood et al. 1994 . Maize EGase recognizes 1,3-1,4-b-glucans mainly at cellulose-like units, releasing 10-15 kDa glucosyl fragments during limited hydrolysis of 1,3-1,4-b-glucan (Hatfield and Nevins 1987) . Recent studies, however, showed that a GHF9 from suspension-cultured poplar cells, PopCel2, slightly hydrolyzes b-1,4-xylan (Ohmiya et al. 1995) . Glucomannan is also predicted to be a substrate of fruit ripening GHF9 enzymes (Brummell and Harpster 2001) . A membrane-anchored GHF9 enzyme (KORRIGAN homolog) efficiently hydrolyzes only CM-cellulose and phosphoric acid-swollen cellulose, but not 1,3-1,4-bglucan, as polymeric substrates, showing its comparatively narrow substrate range (Mølhøj et al. 2001 , Master et al. 2004 . These enzymatic studies of plant GHF9 gene products and the recent revelation of a bifunctional GHF3 glycosidase (a-arabinosidase and b-xylosidase) from barley imply that it is difficult to determine the substrate ranges of all GHF enzymes or their biochemical functions in cell wall metabolism based on the annotation of DNA sequences only (Lee et al. 2003) . This report describes the purification and characterization of an EGase (GHF9 isozyme) of Oryza sativa from auxin-treated primary root tissues.
Results and Discussion
Effect of 2,4-D on the isozyme pattern of endo-b-glucanases in rice root tissues 2,4-D stimulated the activity of EGase 6-to 10-fold over controls after 24 h in primary root tissues of rice. This stimulation was shown to be associated with the formation of lateral root primordia (Yoshida and Komae 1993) . We compared the isozyme patterns of endob-glucanase activity between the extracts from root segments cultured with or without 2,4-D using hydrophobic interaction chromatography (HIC). Before and after 24 h of culturing in the presence and absence of 2,4-D, each of the root extracts was applied to a phenyl-Sepharose HP column. As shown in Fig. 1A , high activity of EGase was detected only in the HIC profiles of buffer extracts from root tissues cultured with 2,4-D. A single peak eluted from a 75-0 mM ammonium sulfate gradient, suggesting that 2,4-D-induced EGase may be a hydrophobic protein, since most of the total protein was eluted at 212 mM salt as monitored at 280 nm (total protein in Fig. 1A) .
Endo-1,3-1,4-b-glucanase activity was detected in unbound fractions of the HIC column independently of culture conditions (Fig. 1A , barley 1,3-1,4-b-glucan). However, endo-1,3-1,4-b-glucanase activity that bound to the HIC column was detected only in extracts from 2,4-D-treated root segments. The elution volume of HIC-bound endo-1,3-1,4-b-glucanase activity was almost the same as that of 2,4-D-induced EGase activity. There was no significant difference among the culture conditions in the elution patterns of total protein, endo-1, 3-b-glucanase activity (Fig. 1A) and b-glucosidase activity (not shown) from root extracts, indicating that the induction of enzyme activity by 2,4-D was specific to EGase and endo-1,3-1,4-b-glucanase in the HIC profiles.
The HIC-bound fraction of EGase activity was focused in Ampholine buffers (pH 4-6) with a glass column to determine its isoelectric point(s). As shown in Fig. 1B , 2,4-D-induced EGase was attributed to acidic proteins that focused to a major peak (pI 5.5) and two minor peaks (pI 5.65 and 5.75) of activity. Thus, the 2,4-D-induced, HIC-bound fraction was composed of at least three acidic proteins.
Purification of 2,4-D-induced EGase from rice
2,4-D-induced EGase was extracted from 2.0 kg of aseptically cultured primary root tissues and purified by four-or five-step chromatography as detailed under Materials and Methods (Fig. 2) . The crude enzyme solution 1542 Rice EGase with broad specificity for type II wall polymers (approximately 12 l) containing 8.5 g of protein and 91,000 U of EGase, after salting out and resuspension, was put onto a column of phenyl-Sepharose HP. The HIC column-bound single peak was pooled (fractions 55-70 in Fig. 2A ) and subjected to a second step, anion exchange chromatography (Fig. 2B ). As predicted from the results of isoelectric focusing (IEF) analysis (Fig. 1B) , two minor peaks (peaks I and II) and one major peak (peak III) were eluted with 50-100 mM NaCl in 10 mM HEPES buffer (pH 7.0) and further purified as described in Materials and Methods (Fig. 2C, D) . The results of the overall purification procedures are summarized in Table 1 . The three EGases, designated as peaks I, II and III, were purified 244-, 1,100-and 1,800-fold, respectively (Table 1) . SDS-PAGE and matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) of the three purified EGase proteins verified their purity and indicated that each of the proteins has an average molecular mass of 51,605.1 Da (peak I), 51,391.7 Da (peak II) or 51,216.0 Da (peak III) (Fig. 3 , only peak III shown). Separation by IEF glass column chromatography (Fig. 1B) and anion exchange chromatography on Q Sepharose HP or Mono Q (Fig. 2) supported a difference in pI among the three proteins. Analytical IEF Fig. 2A ; protein content, 0.7 mg) were focused in Ampholine buffers (pH 4-6) at 48C. Fractions (1 ml) were assayed for pH and viscometric activity against CM-cellulose.
Rice EGase with broad specificity for type II wall polymers(Ampholine PAGplate) of the purified proteins also verified their purity and confirmed that they show microheterogeneity, with pI values of 5.75 (peak I), 5.65 (peak II) and 5.50 (peak III) (K. Yoshida et al. 2006) .
Peptide sequences of rice EGase proteins
Amino acid sequencing of the EGases showed that the 20 amino acid terminal sequence of all three enzymes was identical (Supplementary Table S1 ). No secondary sequences were detected, which is an additional indication of their purity. The purified peak III fraction was also in-gel digested with endoproteinase Lys-C (LEP). Eleven peptide fragments from an LEP digest were separated by reversedphase HPLC and sequenced. More than 200 amino acids were determined and are summarized in Supplementary   Table S1 . One peptide sequence, LVGGYYDAGDNVK (LEP53 No. 3 in Supplementary Table S1), was the conserved region I of the GHF9 (Davidson and Blaxter 2005) . The full-length OsCel9A cDNA (accession No. AB038510) encoding the purified rice EGase protein was isolated from a 2,4-D-treated root cDNA library of rice cv. Sasanishiki (K. Yoshida et al. 2006) .
The OsCel9A gene encodes a 68 kDa EGase, an ortholog of tomato TomCel8, which contains a putative carbohydrate-binding module family 2 motif at its C-terminus (Catala and Bennet 1998) . Our amino acid sequencing and MALDI-TOF MS analyses revealed that the 3.3 kDa N-terminal and 14 kDa C-terminal regions of OsCel9A nascent proteins had been removed in the 51 kDa purified rice EGases (K. Yoshida et al. 2006) . The isolation of the OsCel9A gene from Sasanishiki and a global search of the rice genome database indicated that the purified enzymes (peaks I, II and III) were not isozymes but isoforms that are cognates of a single EGase gene. The isoform of EGase in major peak III was therefore used for subsequent experiments.
Hydrolytic pattern and effects of pH on the activity of rice EGase
Using barley 1,3-1,4-b-glucan (medium viscosity) as a model substrate, characteristics of the hydrolytic activity and the optimum pH for enzyme activity of the purified rice EGase were investigated. The activity of rice EGase Rice EGase with broad specificity for type II wall polymersagainst 1,3-1,4-b-glucan is characteristic of an endohydrolase ( Supplementary Fig. S1 ). During the first 60 min of incubation, there was a rapid decrease in viscosity. Continued incubation of the reaction mixture to 120 min resulted in a minimal decrease in viscosity. A linear increase in reducing equivalents was produced during the first 60 min of incubation ( Supplementary Fig. S1 ). Increased incubation time resulted in a slow rise in reducing equivalents for the first 120 min, with a slight increase after an additional 22 h of reaction time. The rice EGase exhibited a sharp pH activity maximum at 5.3-5.6 ( Supplementary Fig. S2 ).
The optimum conditions for enzyme stability were investigated using CM-cellulose as a substrate. The activity was stable within a narrow pH range (pH 6-7). Incubation of the EGase in several buffer reagents such as sodium phosphate, HEPES-NaOH, 2-(N-morpholino)propane sulfonic acid (MOPS)-NaOH or MES-NaOH (10 mM, pH 7.0) maintained 55-70% of activity after 1 week on ice in the presence of 10% sucrose, 0.04% sodium azide and 3 mM octyl-thio-b-glucoside. In contrast, incubation in other buffer reagents such as N-(2-acetamide)-iminodiacetic acid (ADA)-NaOH, Tris-HCl or Bis-Tris propane-HCl (10 mM, pH 7.0) led to 95-100% loss of activity under the same conditions. EGase activity was unaffected by treatment with 0.17% Triton X-100, while two detergents, octyl-thio-b-glucoside and heptyl-thio-b-glucoside (3-18 mM), stabilized the activity. The activity of EGase in the presence of these two detergents was maintained at a 30-40% higher level than that of EGase incubated on ice for 3-10 d (data not shown).
Substrate specificity of the auxin-induced rice EGase
The isolated EGase (peak III isoform) had a broad range of activity on b-1,4-glycans (Table 2) . It significantly hydrolyzed not only 1,4-b-glucosyl linkages (CM-cellulose and phosphoric acid-swollen cellulose) and mixed 1,3-band 1,4-b-glucosyl linkages (1,3-1,4-b-glucan and lichenan), but also 1,4-b-xylosyl linkages (xylan and arabinoxylan) and mixed 1,4-b-glucosyl linkages with a mannosyl backbone (glucomannan). Glucans containing only b-1,3-linkages (laminarin and CM-pachyman) were not hydrolyzed, indicating that the recognition site for b-1,3-1,4-glucan or lichenan was not a sequence of contiguous 1,3-b-linkages. Trace activity on mannan (100% mannose) also indicated that continuous 1,4-b-mannosyl linkages were unlikely to be the recognition site for glucomannan (40% glucose and 60% mannose; the repeated unit has been proposed to be GGMMGMMMMMGGM by Shimahara et al. 1975) . Thus, the difference in activity of the EGase with these polysaccharides indicates that it prefers either continuous b-1,4-glucosyl or b-1,4-xylosyl backbones, with a comparatively higher preference for birchwood xylan than the activity of PopCel2 against this substrate (Ohmiya et al. 1995) . The purified rice EGase did not reveal significant hydrolytic activity against lupine galactan, lemon pectin, sugarbeet arabinan, p-nitrophenyl a-or b-glycosides (arabinose, cellobiose, glucose, galactose, mannose and xylose) during the 40 min or 2-24 h reaction periods (data not shown). Several GHF9 enzymes and EGases have been purified from dicots and woody plants and characterized, indicating that their substrates are mainly CM-cellulose, phosphoric acid-swollen cellulose, xyloglucan and 1,3-1,4-b-glucan containing b-1,4-glucosyl linkages (Brummell et al. 1994 , Hayashi et al. 2005 . The comparatively broader substrate range of the rice GHF9 enzyme, including its ability to hydrolyze phosphoric acid-swollen cellulose, wheat endosperm arabinoxylan, barley 1,3-1,4-b-glucan and konjac glucomannan, may partly reflect different roles of gramineous and non-gramineous GHF9 enzymes ( Table 2) .
The preference for CM-cellulose with its lower degree of carboxymethylation (DC) and the trace hydrolytic activity against tamarind xyloglucan most probably reflect that this rice EGase prefers a low degree of substitution and small side chains to access the b-1,4-glucan backbone. However, this does not seem to be the case for the b-1,4-xylosyl backbone. Wheat flour arabinoxylan consists of 41% arabinose and 59% xylose, and the number of side chains per 10 residues of the b-1,4-xylosyl backbone is approximately 6-7. Nevertheless, the rice EGase showed 2-fold higher hydrolytic activity against wheat arabinoxylan than birchwood xylan, reflecting that this enzyme prefers moderate decoration of the xylan backbone with arabinose. Xylan is a b-1,4-linked polymer of D-xylose, a saccharide unit similar to glucose but lacking the hydroxymethyl group on C-5. This results in subtle differences in side chain effects on the secondary structure of the backbones (Bacic et al. 1988 ) and might contribute to what appears to be an inconsistent preference of the rice GHF9 isozyme for substituted and unsubstituted b-1,4-linked glycans.
Activity of rice EGase with oligosaccharides
Products of cellooligosaccharides [degree of polymerization (DP) 2-6], xylohexaose (DP 6) or laminarihexaose (DP 6) after incubation with rice EGase for 24 h were analyzed with a high-performance anion exchange chromatography (HPAEC)-PAD system equipped with a Carbopac PA-1 column (Fig. 4) . The shortest cellooligosaccharide hydrolyzed by the enzyme was cellotetraose. The enzyme produced about equal amounts of glucose (20%) and cellotriose (25%) or cellobiose (55%) from cellotetraose hydrolysis at a comparatively low rate (C4 in Table 3 ). However, preference for a cleavage site near the center of cellooligomers by the rice EGase was observed for both cellopentaose (between molecules of cellotriose and cellobiose) and cellohexaose (both between two molecules of cellotrioses and between molecules of cellobiose and cellotetraose) when they were used as substrates (C5 and C6 in Fig. 4 ). Although cellotetraose was hydrolyzed, the rate was about 10 times less than for cellohexaose, indicating an enzyme preference for longer sequences of 1,4-linkages. The rice EGase did not hydrolyze laminarihexaose-containing 1,3-linkages. No glucosyl transferase activity was detected after reaction with the purified enzyme. These results suggest that the purified EGase of rice might contain five sugar-binding subsites.
In addition to studies with polymeric substrates, HPAEC profiling of oligosaccharide products also indicated hydrolytic activity of the rice EGase against continuous b-1,4-xylosyl linkages. The rice EGase significantly hydrolyzed xylohexaose (X6 in Fig. 4) , producing detectable amounts of xylobiose and xylotetraose with relatively larger amounts of xylotriose. The preferred mode of cleavage of xylohexaose by this enzyme was similar to that of cellohexaose (i.e. the central region of the oligosaccharide), although the hydrolytic activity against xylohexaose was even lower than that for cellotetraose. This suggests that amino acid residues involved in substrate binding and/or catalysis in the purified rice EGase may tolerate xylose-based polymers.
HPAEC profiling of hydrolytic products from hemicellulosic polymers by rice EGase 1,3-1,4-b-Glucan and arabinoxylan are major components of rice primary cell walls. To investigate endohydrolase activity against these hemicellulosic polymers, a reaction mixture of barley 1,3-1,4-b-glucan or wheat arabinoxylan with the rice enzyme was chromatographed. No signals from monomers or oligomers were detected in the elution profiles in the case of polysaccharides incubated with a buffer blank (24 h blank in Fig. 5 ). As predicted from viscometric and reductometric assays ( Supplementary  Fig. S1 ), the rice EGase released oligomeric products in the course of barley 1,3-1,4-b-glucan hydrolysis (24 h enzyme in Fig. 5 ). The higher (DP 46) oligosaccharides were relatively abundant, but lower oligosaccharides were also observed at significant levels, with trace amounts of glucose. The eluted peaks of lower oligosaccharides were relatively broad and their elution times did not match those of standard cellooligosaccharides except for trace amounts of glucose (DP 1), cellobiose (DP 2) and cellotriose (DP 3), indicating that they may be mainly composed of multiple glucosyl oligomers containing mixed 1,3-b-and 1,4-blinkages and lower amounts of continuous 1,4-b-linkage glucosyl oligomers.
The observation that cellotetraose was the shortest substrate is consistent with the implication that the enzyme can recognize at least cellotetraosyl repeating units of 1,3-1,4-b-glucan. Approximately 90% (w/w) of barley 1,3-1,4-b-glucan consists of mainly cellotriosyl and cellotetraosyl residues separated by single 1,3-linkages. It also contains rare (3-5%, w/w) cellulose-like blocks such as 5-10 contiguous b-1,4-linked glucosyl residues (Woodward et al. 1983 , Wood et al. 1994 ). The cell wall-bound EGase of maize has particularly high activity on the restricted sites (cellulose-like blocks) of barley Trace -a Reactions were performed in 50 mM acetate buffer (pH 5.5) containing 1 mg ml À1 substrate, 0.04% NaN 3 and 420 ng ml À1 purified enzyme (peak III), and were incubated at 288C for 40 min. Under these conditions, no activity was detected after 24 h towards lupine galactan, lemon pectin or sugarbeet arabinan. b DC.
1,3-1,4-b-glucan (Hatfield and Nevins 1987) . The limited number of recognition sites within the molecules for the maize enzyme leads to the limited depolymerization of the 1,3-1,4-b-glucan; this observation is based on the release of only high molecular weight (10,000-15,000 Da, DP of 60-70) products after long-term incubation (Hatfield and Nevins 1987) . Hence, in contrast to the cell wall-bound EGase from maize, there does not appear to be a limited number of recognition sites in 1,3-1,4-b-glucan for the buffer-soluble rice EGase, although a possible preference of the rice enzyme for the cellulose-like blocks of this polysaccharide cannot be ruled out.
The elution profile of the hydrolytic products from wheat arabinoxylan treated with the rice EGase was similar to that of 1,3-1,4-b-glucan (Fig. 5) . The higher oligosaccharides were relatively abundant, but lower oligosaccharides were also detected. The elution peaks of lower oligosaccharides were also broad and their elution times did not correspond to those of standard xylooligosaccharides except for trace amounts of xylobiose (DP 2), xylotriose (DP 3) and xylotetraose (DP 4), indicating that they are probably composed mainly of multiple arabinoxylosyl oligomers. Wheat arabinoxylan consists of a xylan backbone that is unsubstituted or 3-or 2,3-substituted Fig. 4 HPAEC elution profiles of hydrolysis products released from oligosaccharides from cellotriose (C3) to cellohexaose (C6), xylohexaose (X6) and laminarihexaose (L6) by purified EGase. Numbers on the top of the elution peaks indicate the DP of products. The reaction mixture was incubated for 24 h at 288C in the presence (24 h enzyme) and absence (24 h blank) of 2 ng ml À1 purified enzyme. The reaction volume was 300 ml.
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Rice EGase with broad specificity for type II wall polymers with single arabinofuranosyl groups. The number of side chains per 10 residues of the b-1,4-xylose backbone of wheat arabinoxylan is approximately 6-7, although the region of this polysaccharide designated as III 4 contains high amounts of contiguous (six or more) unsubstituted xylose residues (Izydorczyk and Biliaderis 1994) . Fig. 5 also shows that the elution peaks of lower oligomers were broad and most of the elution times did not correspond to those of standard xylooligosaccharides. This indicates that they were mainly composed of multiple arabinoxylosyl oligomers, maybe shorter than xylohexaose (DP 6), implying that the purified enzyme can recognize the highly branched regions of arabinoxylan, although a preference of the rice enzyme for the unsubstituted region cannot be ruled out. Hence, the side group of arabinose along the xylan did not appear to interfere with access of the rice EGase to the b-1,4-xylosyl backbone.
As shown in Fig. 5 , the HPAEC elution profile of the hydrolytic products of rice EGase acting on wheat arabinoxylan seems to be different from that of the products of a microbial GHF10 xylanase, CjXyn10C (Pell et al. 2004) . A GHF10 (endo-1,4-b-xylanase) enzyme from barley endosperm efficiently hydrolyzes both birchwood xylan and wheat arabinoxylan (Slade et al. 1989) . Another GHF10 enzyme from maize pollen efficiently hydrolyzes oat spelt xylan (sparsely substituted by arabinose) rather than either birchwood xylan or 4-O-methylglucuronoxylan (Bih et al. 1999 ). An understanding of the mechanisms by which GHF10 enzymes preferentially bind to decorated xylans is starting to emerge Fig. 5 HPAEC elution profiles of hydrolysis products released from major matrix polysaccharides of a gramineous cell wall by purified rice EGase. Cellooligosaccharides of DP 2-6, xylooligosaccharides of DP 2-6, glucose (DP 1) and xylose (DP 1) were used as standards. Numbers on the top of eluted peaks or arrows in the figures indicate the DP of standards. Reactions were performed in the presence (24 h enzyme) and absence (24 h blank) of purified enzyme (peak III). a Amounts were calculated from the HPAEC elution profiles (see Fig. 4 ).
Rice EGase with broad specificity for type II wall polymers (Fujimoto et al. 2004 , Pell et al. 2004 , Vardakou et al. 2005 . Although no molecular basis for the catalytic machinery of the rice GHF 9 enzyme that accommodates the decorated b-1,4-xlylosyl backbone can be provided at this stage, our study suggests that the substrate-binding site of the purified enzyme may interact with the decorated xylan in a way distinct from microbial GHF10 xylanases.
Endogenous target of auxin-induced rice EGase
A recently revised model of the type II cell wall proposed that a 1,3-1,4-b-glucan-enriched domain, co-extensive with GAX of low degrees of side chains and glucomannan, is tightly associated around cellulose microfibrils (Carpita et al. 2001 , Buckeridge et al. 2004 ). This first domain of the type II cell wall may be an endogenous substrate for auxin-induced rice EGase, since the purified enzyme was highly active against both barley 1,3-1,4-bglucan and lichenan, in addition to having relatively lower activities against phosphoric acid-swollen cellulose, xylans and glucomannan (Table 2 ).
The first (1,3-1,4-b-glucan-enriched) domain of the type II cell wall is interlaced by the GAX with a greater degree of branching by single arabinofuranosyl units (Carpita et al. 2001 , Buckeridge et al. 2004 ). An interaction between 1,3-1,4-b-glucan and the interstitial GAX, rather than 1,3-1,4-b-glucan and cellulose, may constitute the biochemical target of growth-altering enzymes (Buckeridge et al. 2004 ). This second complex domain of type II cell walls may be another endogenous substrate of the rice EGase, since the purified enzyme showed a relatively higher activity against wheat endosperm arabinoxylan than birchwood xylan, in addition to its highest activity against 1,3-1,4-b-glucan (Table 2) .
Stimulation of EGase occurs during the initiation of lateral or adventitious root formation by auxin and ethylene in dicots (Linkins et al. 1973, Kemmerer and Tucker 1994) and Gramineae Komae 1993, Bragina et al. 1999) . This type of EGase is an acidic protein that is immunologically unrelated to abscission cellulase in dicots (Linkins et al. 1973, Kemmerer and Tucker 1994) . However, the substrate range of these EGases associated with the hormone-mediated initiation of lateral root primordia has yet to be characterized. The comparatively broader substrate specificity and nearly unlimited hydrolysis of the two major hemicelluloses in type II cell walls (1,3-1,4-b-glucan and GAX), observed here for the auxin-induced rice EGase, may partly reflect the distinct role of this GHF9 isozyme in tissue development (Table 2, Fig. 5 ). The modifications of type II cell walls caused by this type of EGase may differ from cell wall loosening in the epidermal layers during auxin-induced coleoptile elongation (Zarra and Masuda 1979 , Hoson et al. 1992 , Kotake et al. 2000 .
Materials and Methods

Growth conditions
Mature seeds of rice, O. sativa L., cv. Sasanishiki, were sown aseptically in plastic Petri dishes (90 mm in diameter, 20 mm high) that contained 30 ml of sterilized 0.8% (w/v) agar, and were cultured at 288C in the dark. After 4 d, when the seminal roots had reached a length of 40-70 mm, the apical 1-2 mm of the root was removed. The next 10-20 mm of the root was excised and cultured aseptically in AA liquid medium (Toriyama and Hinata 1985) containing 58.4 mM sucrose either with or without 13.5 mM 2,4-D. Root segments were cultured in plastic Petri dishes that contained 18 ml of liquid medium at 288C in the dark for 1 d with orbital shaking at 80 r.p.m. They were harvested after 0 h (before culturing) or 24 h after culturing, washed with 10 mM sodium phosphate buffer (pH 7.0) and weighed after the removal of surface water by blotting with filter paper. The segments were then frozen in liquid N 2 and kept at À808C.
Substrates
The following polysaccharides were used to evaluate the hydrolytic specificity of the EGase: CM-cellulose (DC 0.386) from Kanto Chemicals (Japan); CM-cellulose 7MF (DC 0.846) from Hercules (USA); microcrystalline cellulose from Merck; phosphoric acid-swollen cellulose prepared from microcrystalline cellulose (Merck) according to the method of Wood (1988) ; birchwood xylan, laminarin, lemon pectin and p-nitrophenyl glycosides from Sigma; barley 1,3-1,4-b-glucan (medium viscosity), CM-pachyman (DC approximately 0.2), ivory nut mannan, konjac glucomannan, lichenan, lupine galactan, tamarind xyloglucan, wheat arabinoxylan and xylooligosaccharides (DP 2-6) from Megazyme (Ireland); CM-pachyman (DC 0.31) from Biosupplies Australia; cellooligosaccharides (DP 2-6) and laminarihexaose from Seikagaku kohgyou (Japan).
Prior to preparation of the reaction mixture, soluble and insoluble substrates were reduced with sodium borohydrate in order to decrease the endogenous reducing power of the substrates. The reduction of substrates was performed by slow addition of sodium borohydride powder (0.2 g) to a 100 ml substrate solution (1 mg ml À1 sugar equivalent) with stirring after adjustment of the substrate solution to pH 9.0-9.5 by the addition of a 5 M NH 4 OH solution. The solution was then allowed to stand for 24 h at 288C. In the case of insoluble substrates, the suspension was stirred at 288C. After reduction, the pH of the substrate solution was adjusted to 4.0 with acetic acid, precipitated twice with 80% ethanol at -208C for 24 h and centrifuged at 5,000Âg at 48C for 20 min except in the case of microcrystalline cellulose and phosphoric acid-swollen cellulose. Microcrystalline cellulose and phosphoric acid-swollen cellulose were suspended in deionized water after repeated decanting. The precipitated substrates were dissolved in deionized water and dialyzed twice against 0.04% NaN 3 at 48C for 24 h (Spectra/Por 7, mol. wt limit: 10,000, Spectrum, USA).
Enzymatic activity measurement
In crude or partially purified enzyme preparations, endo-bglucanase activity was assayed by viscometry using a CannonManning semi-micro viscometer (No. 200, water flow time of 50-60 s at 358C), which was placed in a water bath maintained at 358C with 0.5% (w/v) CM-cellulose (DC 0.386) as substrate for endo-b-1,4-glucanase, 0.6% (w/v) CM-pachyman (DC 0.31) as substrate for endo-b-1,3-glucanase, or 0.5% (w/v) barley 1,3-1,4-b-glucan (medium viscosity) as substrate for endo-b-1,3-1,4-glucanase in 50 mM sodium phosphate buffer (pH 5.5) in the presence of 0.02% sodium azide. Reactions were allowed to proceed at 358C for 15 min in a final volume of 600 ml that contained 60 ml of crude extract. Enzyme activity was expressed as relative loss of specific viscosity ¼ 1 À [(s 15 À w )/(s 0 À w )], where s 15 is the flow time of the substrate determined at intervals of 15 min after the addition of enzyme, w is the water flow time and s 0 is the flow time of the substrate in a buffer control without enzyme (s 0 ¼ 130 s for CM-cellulose, 180 s for CM-pachyman or 240 s for barley 1,3-1,4-b-glucan). One unit of enzyme was defined as the amount causing a 50% loss of specific viscosity of the substrate after 15 min.
To determine pH stability, incubation of partially purified enzyme was carried out at different pH values with 10 mM sodium phosphate buffer (pH 5.5-8.0) on ice. To investigate the effects of the buffer reagents on enzyme stability, incubation of partially purified enzymes was carried out with different 10 mM buffers (ADA NaOH, Bis-Tris propane HCl, HEPES NaOH, MOPS NaOH, sodium phosphate or Tris-HCl) containing 1 mM dithiothreitol (DTT), 3 mM octyl-thio-b-glucoside, 10% sucrose and 0.04% NaN 3 at pH 7.0 on ice. To investigate the effects of detergents on enzyme stability, incubation was carried out with 10 mM HEPES buffers containing 1 mM DTT, 10% sucrose, 0.04% NaN 3 and different detergents at twice their critical micellar concentration (0.6 mM Triton X-100, 0.02% Brij 35, 16 mM CHAPS, 50 mM Mega-9, 18 mM octyl-thio-b-glucoside or 60 mM heptyl-thio-b-glucoside) on ice, and viscometric assays were performed at pH 5.5 with 0.5% (w/v) CM-cellulose in 50 mM sodium phosphate buffer.
In purified enzyme preparations, EGase activity was assayed by monitoring the release of reducing power. Soluble and NaBH 4 -reduced substrates were prepared in 50 mM sodium acetate buffer (pH 5.5) containing 0.04% NaN 3 at a concentration of 1 mg ml À1 . For insoluble and NaBH 4 -reduced substrates (microcrystalline cellulose and phosphoric acid-swollen cellulose), suspensions were made in acetate buffer at an approximate concentration of 1 mg ml
À1
. The purified EGase fraction (5 ml) was added to 995 ml of each substrate to a final concentration of 420 ng ml À1 (Mono Q, fraction no. 66 of peak III) or of 370 ng ml À1 (Mono Q, fraction no. 42 of peak II) and incubated at 288C. Aliquots (0.1 ml) were removed after 40 min, 2 h and 24 h incubation for reducing power determination. Even in the case of insoluble substrates, aliquots of the reaction mixture were not centrifuged prior to determination. Activity was assessed by determining the increase in reducing equivalents produced compared with a reaction mixture incubated with a buffer blank (without enzyme).
Protein extraction and chromatography
The stored samples (approximately 20 g fresh weight or 2 kg fresh weight for purification) were ground to a powder with a mortar and pestle with liquid N 2 , mixed with 3 vols. (v/w) of ice-cold extraction buffer [10 mM sodium phosphate buffer, pH 7.0, 1 mM DTT, 1 mM EDTA, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (p-ABSF) and 0.3 M sucrose] and homogenized on ice either with a different glass mortar and pestle (for 20 g samples) or with a Waring blender (Polytron, Kinematica AG) (for 2 kg samples). The homogenate was centrifuged at 48C at 18,000Âg for 15 min (20 g samples) or at 10,000Âg for 30 min (2 kg samples). The pellet was washed twice with the same volume of extraction buffer. The combined supernatant was used for subsequent analysis.
For isozyme pattern analysis with HIC (Fig. 1) , the 18,000Âg supernatant of the root extract was concentrated by ammonium sulfate precipitation (70% saturation) on ice for 18 h. The pH was adjusted to 7.0 with 1 N NH 4 OH after the addition of ammonium sulfate powder. After centrifugation at 12,000Âg for 15 min, the pelleted sample was resuspended in 1.5 ml of HIC elution buffer (0.3 M sucrose, 3 mM octyl-thio-b-glucoside, 1 mM DTT, 0.04% NaN 3 and 50 mM sodium phosphate buffer, pH 7.0) and then dialyzed against HIC start buffer (0.212 M ammonium sulfate, 0.3 M sucrose, 3 mM octyl-thio-b-glucoside, 1 mM DTT, 0.04% NaN 3 and 50 mM sodium phosphate buffer, pH 7.0) for 18 h at 48C with one change of the same buffer. The dialyzed sample was centrifuged at 18,000Âg at 48C for 20 min. A 2 ml aliquot of supernatant (20 mg of protein) was applied to the HIC column. A HiTrap column (0.7 Â 2.5 cm) of high performance phenylSepharose (Pharmacia, Sweden) (bed volume: 1 ml), which had been incorporated into a fast protein liquid chromatography system (Pharmacia), was equilibrated with HIC start buffer (see above). The sample (20 mg protein 2 ml
À1
) was applied to the column at a flow rate of 0.2 ml min
. The column was washed with 5 ml of the start buffer until the UV trace (280 nm) of the effluent returned to near baseline. The protein bound to the column was eluted with an ammonium sulfate gradient (212-0 mM in the same buffer, 20 bed volumes). After the salt gradient, the column was washed with 10 ml of HIC elution buffer (see above). Fractions of 0.5 ml were collected and used for viscometric assays for b-glucanases and protein assays (280 nm). All HIC was performed at 48C. The salt gradient was monitored with a conductometer (Pharmacia).
For purification of EGase (Fig. 2) , the 10,000Âg supernatant of root extracts was brought between 25 and 50% saturation with ammonium sulfate by addition of a fine powder of the crystalline salt, and kept on ice for 18 h. This operation was performed at 48C, as were all subsequent operations during the isolation and purification. The pH was adjusted to 7.0 with 1 M NH 4 OH after the addition of ammonium sulfate. The precipitate was collected by centrifugation at 10,000Âg for 20 min and stored at À808C. The 25-50% ammonium sulfate precipitate was dissolved in a minimum volume of 50 mM sodium phosphate buffer (pH 7.0) containing 0.3 M sucrose, 3 mM octyl-thio-b-glucoside, 1 mM DTT and 0.04% NaN 3 . As much insoluble material as possible was removed by centrifugation at 18,000Âg for 20 min. The supernatant (250 ml) was applied at 0.5 ml min À1 to a column (2.6 Â 28 cm) of phenyl-Sepharose HP previously equilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 212 mM ammonium sulfate, 0.3 M sucrose, 3 mM octyl-thio-bglucoside, 1 mM DTT and 0.04% NaN 3 . The column was washed with five bed volumes of the equilibration buffer, and then eluted stepwise with 106, 53, 26 and 0 mM ammonium sulfate in the same buffer. Fractions rich in EGase activity were collected, concentrated using ultrafiltration (YM-10 filter, mol, wt limit 10,000; Amicon, Beverly, MA, USA) and then dialyzed against two changes of 10 mM HEPES NaOH buffer (pH 7.0) containing 0.3 M sucrose, 3 mM octyl-thio-b-glucoside, 1 mM DTT and 0.04% NaN 3 for 18 h.
The dialyzed sample was centrifuged at 18,000Âg for 20 min prior to anion exchange chromatography. The supernatant was applied at 1 ml min À1 to a column (2.6 Â 10 cm) of Q Sepharose HP (HiLoad column 26/10, Pharmacia) previously equilibrated with the same buffer as for dialysis (see above). The column was washed with five bed volumes of equilibration buffer, and then eluted stepwise with 0.05, 0.10, 0.15 and 0.5 M NaCl in the same buffer.
Rice EGase with broad specificity for type II wall polymersFractions rich in EGase activity were pooled into two combined fractions designated as peak I, and as peaks II and III.
Fractions of peak I were dialyzed against the elution buffer used for anion exchange chromatography (Q Sepharose HP) and applied at 0.58 ml min À1 to a secondary anion exchange chromatography column (1.6 Â 10 cm) of Q Sepharose HP (HiLoad 16/10 column, Pharmacia). The column was washed with three bed volumes of equilibration buffer, and then eluted with an NaCl gradient (0-0.1 M in the same buffer, 20 bed volumes). Fraction volume was 2.5 ml. Fractions rich in EGase activity were concentrated by ultrafiltration (YM-10 filter) and applied at 0.25 ml min À1 to a gel filtration column (1.6 Â 60 cm) of Superdex 75 pg (HiLoad 16/60, Pharmacia) previously equilibrated with 10 mM sodium phosphate buffer containing 1 M NaCl, 0.3 M sucrose, 3 mM octyl-thio-b-glucoside and 0.04% NaN 3 . Fraction volume was 0.58 ml. Fractions with high EGase activity were pooled, frozen in aliquots and stored at À808C.
Combined fractions of peaks II and III were concentrated using ultrafiltration (YM-10 filter) and applied at 0.5 ml min À1 to a gel filtration chromatography column (2.6 Â 60 cm) of Sephacryl S-100 (HiLoad 26/60, Pharmacia) previously equilibrated with gel filtration buffer (see above). Fraction volume was 1.13 ml. Fractions with high EGase activity (fractions Nos. 56-62) were pooled, concentrated and applied at 0.25 ml min À1 to a secondary gel filtration column (1.6 Â 60 cm) of Superdex 75 pg (HiLoad 16/60) previously equilibrated with gel filtration buffer. Fractions with high EGase activity were pooled, concentrated and dialyzed against two changes of 10 mM HEPES NaOH buffer (pH 7.0) containing 0.3 M sucrose, 3 mM octyl-thio-b-glucoside and 0.04% NaN 3 for 18 h. The dialyzed sample was centrifuged at 18,000Âg for 20 min prior to secondary anion exchange chromatography. The supernatant was applied at 0.25 ml to a secondary anion exchange chromatography column (0.5 Â 5 cm) of Mono Q (HR 5/5 column, Pharmacia) equilibrated with the same buffer as that for the previous dialysis. The column was washed with five bed volumes of equilibration buffer, and then eluted with an eightstep NaCl gradient ( 
SDS-PAGE
Fractions (peaks I, II and III) were analyzed for purity by SDS-PAGE (10% T, Ready Gel J, Bio-Rad) after denaturation in the presence of SDS and 2-mercaptoethanol. After electrophoresis, the gel was stained with Coomassie brilliant blue R-250 (Wako, Japan) according to the manufacturer's instructions.
IEF
IEF of partially purified EGase was carried out as described by Vesterberg and Svensson (1966) . The EGase fractions after chromatography on phenyl-Sepharose HP (elution volume: 22-26 ml of Fig. 1B) were pooled, concentrated to 2 ml using ultrafiltration (Centriplus columns, YM-10, mol. wt limit 10,000; Amicon) at 48C, and then dialyzed against two changes of ion-exchanged water containing 0.3 M sucrose, 3 mM octyl-thiob-glucoside and 1 mM DTT for 18 h at 48C. The dialyzed sample was centrifuged at 18,000Âg and 48C for 20 min. a 1 ml aliquot of supernatant (approximately 0.7 mg of protein) was combined with carrier Ampholine (pH 4.0-6.0) (Pharmacia, Uppsala, Sweden) and placed on a 110 ml IEF glass column (Kato Shohichi Co., Osaka, Japan). The proteins were focused for 24 h at 600 V at 48C. Fractions of 1.0 ml were then adjusted to pH 6.0 using 0.1 M Na 2 HPO 4 or NaH 2 PO 4 . The volume of each fraction was adjusted up to 1.5 ml with the buffer used for dialysis and then used for the viscometric assay of EGase.
MALDI-TOF MS analyses
MALDI-TOF MS analysis of purified fractions of rice EGase (peaks I, II and III) was carried out on a Voyager-DE STR mass spectrometer (Applied Biosystems, USA) in linear mode. The purified fractions were concentrated and desalted using Amicon Microcon YM-10 columns (Millipore) with 10 mM HEPES NaOH (pH 7.0) containing 3 mM octyl-thio-b-glucoside at 48C. The desalted samples (0.5 ml) were co-crystallized with a sinapinic acid matrix in 30% acetonitrile (0.3% trifluoroacetic acid) on a stainless steel target, then dried and analyzed. Protein data were collected after ionization in the 1,000-100,000 mass/charge (m/z) range, and time to mass conversion was achieved using external calibration with thioredoxin (m/z 11,674.5), apomyoglobin (m/z 16,952.6) and enolase (m/z 46,670.7).
Amino acid sequencing
N-terminal amino acid sequence analyses of purified EGase (peak I, II or III) were performed in an automatic sequencer (HP G1005A protein sequencing system, ABI Procise 494 cLC protein sequencing system or Shimadzu PSQ-1 gradient system) with on-line HPLC detection of phenylthiohydantoin.
For amino acid sequencing of internal peptides from purified EGase, fractions showing peak III of purified EGase were subjected to preparative SDS-PAGE on a 10% gel. After staining the gel with Coomassie brilliant blue R-250, a 51 kDa band was cut and treated with LEP in 500 mM Tris-HCl buffer (pH 9.0) at 378C for 20 h. The peptides obtained from the LEP digest were separated by reversed-phase HPLC on a 4.6 Â 150 mm TSK gel ODS-80Ts column (Tosoh, Japan) at a flow rate of 1 ml min
À1
, and the peptides were eluted with a linear gradient of 4.5-40.5% acetonitrile for 75 min in 0.1% trifluoroacetic acid. The eluted peptides were monitored at 206 and 280 nm, and the fraction volume was 1 ml. The peptides obtained were subjected to N-terminal amino acid analysis.
Reaction product analysis
Purified enzyme (peak III, No. 65 from Mono Q) was concentrated by ultrafiltration (Amicon Microcon YM-10 column) and applied at 25 ml min À1 to a micro gel filtration column (fast desalting PC 3.2/10, SMART system, Pharmacia) previously equilibrated with 10 mM sodium phosphate buffer containing 1 M NaCl, 3 mM octyl-thio-b-glucoside and 0.04% NaN 3 to remove the 10% sucrose. The fraction volume was 25 ml. Fractions with a UV peak (280 nm) were pooled, concentrated, desalted using an Amicon Microcon YM-10 column (Millipore) with 10 mM sodium phosphate buffer (pH 7.0) containing 3 mM octyl-thio-bglucoside and stored at À808C.
For the hydrolysis of oligosaccharides, reactions were performed in 50 mM sodium phosphate buffer (pH 5.5) containing 1 mg ml À1 substrate, 0.04% NaN 3 and 2 ng ml À1 purified enzyme (peak III, fraction No. 65) with incubation for 24 h at 288C. The reaction volume was 300 ml. Aliquots (150 ml) were removed after 6 h incubation and after 24 h incubation. Hydrolysates were reduced by the addition of 10 mg ml À1 sodium borohydride (150 ml) after adjustment of the digest solution to pH 9-10 by addition of 28% NH 4 OH solution (2-5 ml) (Nagamine and Komae 1996) . The solution was then allowed to stand for 24 h at room temperature. The reduced products were lyophilized and stored at -808C. The lyophilized products were dissolved in 1 M NaOH (25 ml), allowed to stand for 20 min at 288C, diluted with deionized water (225 ml) and then passed through a 0.5 mm PTFE membrane filter (Advantec, Tokyo, Japan) before HPAEC analysis. Sample solution (50 ml) was injected to the column.
For the hydrolysis of barley 1,3-1,4-b-glucan, 280 ml reactions in 50 mM sodium acetate buffer (pH 5.5) containing 1 mg ml À1 barley 1,3-1,4-b-glucan, 0.04% NaN 3 and 12 ng ml À1 purified enzyme (fraction No. 65 in Mono Q, peak III) were incubated at 288C for 24 h. For the hydrolysis of wheat arabinoxylan, 280 ml reactions in 50 mM sodium acetate buffer (pH 5.5) containing 1 mg ml À1 wheat arabinoxylan, 0.04% NaN 3 , 0.4 mg ml À1 bovine serum albumin (BSA) and 6.2 ng ml À1 purified enzyme (fraction No. 67 in Mono Q, peak III) were incubated at 288C for 24 h. The reaction was stopped by heating at 1008C for 5 min and centrifuging at 15,000 r.p.m. for 5 min. The supernatant of the digested solution was dried using a Micro-Vac centrifugal vaporizer (TOMY, Japan) with heating at 508C to remove acetic acid, and was then dissolved in deionized water (150 ml).
Hydrolysates were reduced by addition of 10 mg ml À1 sodium borohydride (150 ml) after adjustment of the digested solution to pH 9-10 by addition of 28% aqueous NH 4 OH solution (2-5 ml) (Nagamine and Komae 1996) . The solution was then allowed to stand for 24 h at 288C. The reduced products were lyophilized and stored at -808C. For HPAEC analysis, the lyophilized products were dissolved in 1 N NaOH (15 ml), allowed to stand for 20 min at room temperature, diluted with deionized water (135 ml) and then passed through a 0.5 mm PTFE membrane filter (Advantec, Tokyo, Japan). Sample solution (100 ml) was injected into the column.
HPAEC analysis was conducted using a DX-500 system (Dionex, USA) equipped with a pulsed amperometric detector (Model PED, Dionex). The column was a CarboPac PA-1 (4 Â 250 mm i.d., Dionex) with a CarboPac PA-1 guard column (4 Â 50 mm i.d.). For HPAEC analysis, 50 or 100 ml of sample solution was injected using an autosampler and eluted at 1 ml min À1 with a linear gradient of 0-500 mM sodium acetate in 100 mM NaOH for 90 min. The reaction products were identified and quantified relative to known standards. Cellooligosaccharides of DP 2-6 (C2-C6), xylooligosaccharides of DP 2-6 (X2-X6), laminarihexaose (L6), glucose (G1) and xylose (X1) were used as standards after reduction with sodium borohydride. Activity was assessed by determining the increase in peak area of HPAEC profiles compared with the reaction mixture incubated with a buffer blank.
General methods
Reducing sugar equivalents were determined by the procedure of Park and Johnson (1949) as modified by Hizukuri et al (1981) . Total sugars of the substrate solutions were determined by the phenol-sulfuric acid method (Dubois et al. 1956 ). Arabinose, galactose, glucose, mannose or xylose was used as a standard depending on the substrate in both assays. Protein concentrations were measured by absorbance at 280 nm or by the procedure of Bradford (1976) with a protein assay kit (Bio-Rad, USA) using BSA as a standard.
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